We explore in detail the physics potential of a measurement of the tt invariant mass distribution. First, we assess the accuracy of the best available predictions for this observable and find that in the low invariant mass region, the shape is very well predicted and could be used to perform a top mass measurement. Second, we study the effects of a heavy s-channel resonance on the tt invariant mass distribution in a model independent way. We provide the necessary Monte Carlo tools to perform the search and outline a simple three-step analysis.
Introduction
The strategies and the difficulties associated to the accuracy which will be needed for the reconstruction of m tt have been the subject of several investigations [34, 35] and are left to dedicated experimental studies. However, we briefly comment on them in Appendix A.
The paper is organized as follows. In Section 2, we perform an analysis of the theoretical uncertainties on the QCD predictions for m tt , in the low-as well as high-mass regions. We find that the shape of the m tt distribution has very little theoretical uncertainties (in contrast to its normalization, i.e., the total cross section) and we argue it could provide a new handle on the top mass determination.
In Sections 3, 4 and 5 we explore a three-step analysis. In Section 3 the effects on m tt induced by new heavy resonances in the s-channel, pp → X → tt, from the presence of simple peaks, to non-trivial patterns arising from interference between signal and SM background. In the following section we assume that a resonance is found and study how the spin structure of a resonance affects the angular distributions of the top and anti-top quarks. In Section 5 we discuss how spin-correlations are affected by nature of the coupling of the resonances to SM particles, by simulating the full matrix elements including the decay, pp → X → tt → 6f . We leave to Section 6 the discussion of the results and our conclusions.
SM theoretical predictions at NLO
In this section we study the theoretical uncertainties on the available predictions for the invariant mass spectrum and their dependence on the top mass. We mainly focus on the LHC and refer to the results of Ref. [36] for the Tevatron. We start by considering the invariant mass spectrum of the tt pair calculated up to next-to-leading order (NLO), as implemented in MCFM [37] . We use the CTEQ6M PDF-set [38] and do not apply cuts on the final state particles. Here and in the following we always assume that the invariant mass can be fully reconstructed, see also the Appendix. In Fig. 1 results at the LHC are plotted for three different top quark masses with uncertainty bands associated to the PDF errors and renormalization and factorization scale variations.
The PDF uncertainty is estimated by running the 41 members of CTEQ6 PDF set, with the scales set equal to µ R = µ F = m t , and found to be about ±3.2%. The scale uncertainty is obtained by varying independently the renormalization and factorization scales in the region between µ R = µ F = m t /2 and µ R = µ F = 2m t . The associated total scale uncertainty at NLO is about ±13%. Thus, the theoretical errors at the LHC are completely dominated by the scale uncertainty. This is contrast to the Tevatron where scale and PDF errors are comparable, of the order 6% [36] .
NLL resummed calculations suggest that the dependence on the scales could go down to ±6% [39, 40] , however in that analysis the scales were not varied independently. A more for further experimental analysis on the scenarios presented in this work, are available on the MadGraph servers, e.g., http://madgraph.phys.ucl.ac.be. We set m t = 170 GeV, include no cuts, and use CTEQ6M for the NLO and MC@NLO, and CTEQ6L1 for the LO calculations.
recent study suggests that changing the scales independently might increase the error to a size similar to that estimated through the NLO fixed order calculation [41] .
Next we compare the NLO shapes for the invariant mass distribution with those obtained at LO and MC@NLO [42] , Fig. 2 , both at the Tevatron and the LHC. We find that the differences are minimal at the LHC, and well within the uncertainty bands of the theoretical errors on the NLO cross section. On the other hand, at the Tevatron the differences between LO and NLO, fixed and dynamic renormalization and factorization scales are larger.
In the high invariant mass region for the LHC, Fig. 3 , the LO approximation starts to Figure 3 : Scale (dashed ) and PDF (dotted ) uncertainties in the tt invariant mass spectrum for m t = 170 GeV at NLO in QCD, with the CTEQ6M PDF-sets. Also plotted are the LO distribution (light dash-dotted ), the LO including NLO Electro-Weak corrections (dark dash-dotted ) with CTEQ6L1 PDF-set. The LO distribution is normalized to the NLO total cross section.
deviate from the NLO order and clearly underestimates the NLO distribution (note that curves here are normalized to the total cross section at NLO). Also, as expected, the PDF uncertainties start to increase and dominate the theoretical errors as the most important contributions come from the large x region. Next-to-leading order electroweak corrections to the LO distribution are also included in this figure [43, 44] . Their effect is to decrease the cross section by a few percent for invariant masses below 1000 GeV and up to 15% for invariant masses around 4 TeV (the Higgs mass dependence is mild). This means that EW effects on this distribution are negligible compared to the current PDF uncertainties and give only a minor deviation from the LO curve. We conclude this section by mentioning the other sources of potentially large uncertainties in the determination of the tt invariant mass. The first is related to its reconstruction from the decay products. In general the uncertainty on the m tt distribution will depend on the final state signature (fully-hadronic, single-lepton and double-lepton final states), which determine the reconstruction technique and, more importantly, on the detector efficiencies and resolutions. For completeness we briefly discuss the current proposals for reconstruction in the various decay channels in the Appendix. The second is due to both QCD backgrounds, i.e. multi-jet, W, Z+jets and W W +jets, and top backgrounds, i.e. single-top and tt itself as coming from a final state different signature than the one considered. While the QCD backgrounds at the Tevatron are severe but very well studied, it has been shown that at the LHC their impact at low tt invariant mass is negligible when at least one lepton is present in the final state [45] . In the high invariant mass tail, some QCD backgrounds, and in particular W + one or two jets, become important due to the fact that the tops are highly boosted and can give rise to single jet-like topologies when they decay hadronically. The interested reader can find a detailed study for the single lepton final state signature in Refs. [35, 46] .
Top quark mass dependence
As can be clearly seen from Fig. 1 , the normalization, as well as the shape of the tt invariant mass distribution depends on the mass of the top quark. It is then natural to wonder whether such a rather strong dependence could provide another way to determine the mass of the top quark. The aim of this subsection is to provide a quantitative answer, based only on the theoretical uncertainties.
In Fig. 4 we have plotted the tt production cross section σ as a function of the top quark mass at the Tevatron (a) and the LHC (b). The scale uncertainties, even at the NLO, are rather large. Neglecting non-linear terms, a fit to the central curve gives
This equation relates the relative uncertainty on the measurement of the tt cross section to the relative uncertainty on the top quark mass: the ∆σ/σ term represents the slope and the constant term the horizontal spread, i.e., the scale uncertainty, of the curves in Fig. 4 . This means that a measurement of the cross section with an uncertainty of 5% would lead to a 0.2 × 5% + 0.03 = 4% uncertainty of the top quark mass, the error being mainly associated with scale variations. At the Tevatron the situation is slightly different. The scale dependence is milder, and known to be reduced at NLL [36] , but the PDF errors, which are not included in the plot, are not negligible and are found to be of a similar size [36] . We can therefore conclude that the accuracy of an independent extraction of the top mass from a measurement of the cross section is limited by the NLO theoretical uncertainties. Recent work suggests that inclusion of NNLO corrections could reduce the scale uncertainties sizably [47] .
It is therefore worth investigating whether information on the top mass can be extracted from some other quantity besides the total cross section. In Fig. 5 the tt invariant mass distributions normalized to unity, ∂σ ∂m tt norm.
, are plotted for five different top quark masses, m t = 160 . . . 180 GeV in steps of 5 GeV. The bands spanned by the red lines show the left-over scale uncertainties which are sizably reduced compared to Fig. 1 . We find that the shape of the m tt distribution is quite insensitive to theoretical uncertainties, while retaining a strong dependence on the top quark mass. It is therefore interesting to consider whether the invariant mass distribution could provide an independent measurement of the top quark mass.
One way to quantify to which extent the shape is sensitive to the top mass vs. the theoretical uncertainties is to perform an analysis based on the first few moments of the normalized tt invariant mass distributions ∂σ ∂m tt norm.
. This approach has the virtue of being simple and systematic. Needless to say, alternative quantities, such as the peak position, or more sophisticated techniques, such as Kolmogorov tests, could also be employed.
In Fig. 6 we present the mean value m tt , standard deviation s, skewness γ 1 and kurtosis γ 2 of the tt invariant mass distributions as a function of the top quark mass m t for various scales at the LHC. We remind that the skewness (kurtosis) is a dimensionless quantity that gives a measure of asymmetry (peakedness) of a distribution. These quantities are defined as
respectively. The central moments µ n are defined as
In our analysis we focus on the low invariant mass region and therefore we have limited the m tt integrals to m tt < m cutoff = 1 TeV. The aim of this cut is just to mimick an experimental analysis where the precision on the higher moments would be limited by the statistics. Since our purpose is only for illustration we do not consider these effects further. However, we stress that our numerical results do retain a significant dependence on this cutoff. Due to the small scale uncertainty and the strong linear correlation, the mean of the tt invariant mass distribution, m tt , Fig. 6(a) , appears to be an excellent estimator of the top quark mass. From the experimental point of view, one can also hope for smaller uncertainties than those associated to the measurement of total cross section. In fact, to measure the mean, many systematics, such as those coming from luminosity or tagging efficiencies, are much less important. A fit to the mean value shows that ∆m t /m t ∼ 1.2∆ m tt / m tt + 0.003. So, for instance, if the mean value is measured with a 1% uncertainty, the uncertainty of the top quark mass is only 1.3%, including the scale uncertainties.
The standard deviation, Fig. 6 (b), is almost constant and therefore is not suitable for a top quark mass measurement. In Figs. 6(c) and 6(d) the skewness and the kurtosis for the tt invariant mass are plotted, respectively. Also here, the scale uncertainty is reduced, while still slightly larger than for the mean value, Fig. 6(a) . The slopes of the lines are promising, in particular for the kurtosis, which means that a relatively large experimental error on the measurement of the kurtosis leads to an only small error on the top mass measurement.
At this point, we have to stress that the above simple analysis does not include neither statistical nor systematics effects in the data, which should also be carefully considered. In particular, the higher monents such as the skewness and the kurtosis are more sensitive to the tail of the m tt distribution then the lower moments and therefore more sensitive to statistical and systematic effects that affect more strongly this tail. Eventually, the final uncertainty on the top quark mass will depend on how well the above quantities can be measured. It is plausible to expect that a combined analysis based on the above quantities might lead to an even smaller uncertainty for the top quark mass.
For completeness we show the same analysis performed at the Tevatron energies, see Fig. 7 . Also in this case, we have used a fixed order NLO calculation to estimate the scale uncertainties. However, as we have already mentioned, at the Tevatron the tt pairs are produced almost at threshold, hence a resummed calculation which predicts a smaller scale uncertainty, is preferred [36] .
The Tevatron results ( Fig. 7 ) are similar to those obtained in the LHC study, but the reduction in the scale uncertainties by analyzing the (higher) moments is smaller compared to the LHC. The first moment, i.e., the mean value, is probably the best estimator for the top quark mass among all the moments, due to its small constant value of 0.004, and the reasonably good proportionality factor of 1.2. The higher moments are more sensitive to statistical fluctuations and might be less suitable with a limited sample. The lack of events in the higher invariant mass regions might give rise to larger errors for the skewness and worse the kurtosis. In these plots we restrict the tt invariant mass to below m cutoff = 600 GeV. We mention that even though using the fixed order NLO calculation we have overestimated the scale uncertainties, we have neglected the PDF errors which at the Tevatron can reach the 6-7% [36] and errors coming from the reconstruction of the tt invariant mass from the (anti-)top quark decay products, see the Appendix. Finally, we comment about the definition of the top quark mass. As in the more standard top mass measurements where the top mass is reconstructed from its decay products, also the top quark invariant mass is sensitive to extra radiation and to non-perturbative effects due to confinement, typical of a pole mass [48] . In this respect the same issues and problems in associating a theoretically well-defined mass to the measurement remain. This is at variance with an extraction of the top mass from a cross section measurement which can be directly related to a short distance mass and does not suffer from the same nonperturbative or extra radiation effects. We stress, however, that m tt is at least twice the top quark mass, which would decrease the relative impact of the ambiguities due to extra radiation. In addition, typical combinatorial systematics associated to the assignment of the jets to the "right" tops, are absent for m tt . In this respect, more experimental work on the systematics affecting such a measurement would be certainly welcome.
Effects from BSM resonances
In this section we investigate the effects of (model-independent) new resonances on the tt invariant mass spectrum. All the numerical results presented here have been obtained with MadGraph/MadEvent, through the implementation of a dedicated "model", topBSM, which is publicly accessible on the MadGraph servers for on-line event generation and for download. • SM effects are consistently included, i.e., possibly non-trivial interference effects between new resonances and the tt background are taken into account. As it will be shown in the following, in some cases such effects can be important and might lead to very distinctive signatures (cf. the case of the peak-dip structure arising in m tt due to the presence of a (pseudo-)scalar state). In general, they should be always included.
• The full matrix elements 2 → 6 including the decays of the top quarks can be generated, which is crucial for spin correlation studies.
• The generated events can be automatically interfaced to parton showers programs, such as Pythia [49] or Herwig [50] , to shower and hadronize the events after which these events can be processed by a detector simulation for full experimental analyses.
We have considered s-channel spin-0, spin-1 and spin-2 resonances, of different color and CP parity, as listed in Table 1 . The parameters related to each resonance are simply the mass, the width and the relevant values of the couplings to standard model particles which enter in the production process (to the partons and to the top quark).
Spin-0 resonances
The first resonances we discuss are spin-0 particles. We distinguish between color singlet (φ) and color octet (S 0 ), as well as parity even (scalar) and odd (pseudo-scalar) spin-0 particles.
Color singlet
Let us start by considering a color singlet (pseudo-)scalar boson φ contributing to the tt process gg → (φ →)tt. The Feynman diagram for this loop induced process is depicted in Fig. 8 . The spin-0 coupling strength to quarks,
is proportional to the quark mass m q . In analogy with the SM, v is the spin-0 field vacuum expectation value and a 1 and a 2 are real proportionality factors for the parity even and odd spin-0 particles, respectively. For the SM Higgs boson a 1 = 1 and a 2 = 0, while for a pure pseudo-scalar a 1 = 0 and a 2 is non-zero. We do not include scalar production by (anti-)quark annihilation,→ φ, because for this cross section to be sizeable compared to the loop induced gluon fusion process, the branching ratio for the scalar to tt has to be small and can be neglected.
Since we are interested in scalars with strong couplings to the top quark, we neglect all particles in the loop of Fig. 8 except for the most heavy quark, i.e., the top quark. If the mass of the spin-0 boson is larger than twice the mass of the top quark, the loopinduced gluon-gluon-(pseudo-)scalar coupling develops an imaginary part, which leads to a peak-dip structure for the interference terms between the QCD background and the signal [51, 52, 53] .
The possibility to detect a signal in the tt invariant mass depends on the width of the spin-0 resonance. In general, a scalar particle couples also to the electroweak bosons. In the SM the decay rate to W, Z is much larger than the decay rate to tt, and therefore the tt channel is suppressed. Moreover, the presence of a destructive interference between the signal and the QCD background and the relatively large width of the scalar makes detection very difficult. An enhanced coupling to top would not help much because the improvement in the branching ratio would be compensated by an increase of the total width. In conclusion, there is little hope to see a SM-like scalar by looking at the tt invariant mass spectrum, even if the coupling to top quark were (much) larger than in the SM.
On the other hand, the case of a pseudo-scalar or a 'boson-phobic' scalar resonance that does not couple to the heavy vector bosons is more promising. For such a state, the branching ratio to tt can be taken unity, BR(φ → tt) = 1, i.e., the total width of the scalar spin-0 resonance is equal to the SM partial width to tt. SUSY models with this feature can be constructed [59] . The smaller widths of the pseudo-scalar and the boson-phobic scalar give a narrow resonance peak in the tt invariant mass spectrum. The interference between the signal and the QCD tt production leads to a dip in tt production at an invariant mass just above the mass of the spin-0 particle. In this case the signal together with the interference terms sum to the characteristic peak-dip structure, Fig. 9 .
The dot-dashed line in Fig. 9 shows the effect of a 400 GeV color singlet spin-0 particle on the tt invariant mass spectrum with couplings a 1 = 1, a 2 = 0 and a 1 = 0, a 2 = 1 for the left and the right plots, respectively. Comparing with the QCD tt production, the dark solid line, a peak-dip structure is visible when the spin-0 particle is a pseudo-scalar, a 1 = 0 and a 2 = 1. In the case where it is a scalar, a 1 = 1 and a 2 = 0, there is only a peak and a very small dip.
If the coupling to the top quark is enhanced, the peak as well as the dip becomes broader due to the larger decay width. The peak increases in the case the spin-0 is a scalar, but remains the same for the pseudo-scalar. The dashed line shows the effect of enhancing the ttH coupling by a factor of two. If the coupling to the top quarks is taken even larger, the increasing width of the (pseudo-)scalar starts to dominate the effects on the invariant mass. This results in the disappearance of the dip, as shown by the light solid line in Fig. 9 .
In the case where the coupling to the top is smaller than in the SM, the peak of the scalar gets smaller and the dip completely disappears. The effect of varying the coupling for the pseudo-scalar are much smaller. Even if the coupling to top quarks is reduced by a factor of two, a 1 = 0 and a 2 = 0.5, a very clear peak-dip structure is still visible, as shown by the dotted line in Fig. 9 .
Color octet
The case of a color octet resonance is very similar. Here we shall study scalar S 0 R and a pseudo-scalar S 0 I color octets, similar to those introduced in Refs. [54, 55] . In these models Dark solid line is QCD tt production, dash-dotted line is with standard coupling between the scalar and tt, dashed, light solid and dotted the coupling is 2, 4 and 0.5 times as large, respectively. All plots were produced using the CTEQ6L1 pdf set with µ R = µ F = 400 GeV. No acceptance cuts are applied.
the (pseudo-)scalar color octet couples only to quarks, with the same SM coupling but for the color
where η U is a coupling proportionality factor and of order 1. The production and decay mechanism for the (pseudo-)scalar color octet are similar to the 'peak-dip' color singlets, i.e., the resonance is produced through a top quark loop by gluon-gluon fusion, and the decay is mainly to top quarks. We find that compared to the 'peak-dip' color singlet the 'signal' cross section is 5/72 times smaller, i.e., σ(gg
σ(gg → H → tt), the interference between signal and background is 5/12 times smaller and the width of the (pseudo-)scalar color octet is 6 times smaller than the width of the 'peak-dip' (pseudo-)scalar color singlet. In Fig. 10(a) the tt invariant mass is plotted in a model with a color octet scalar of a mass of 400 GeV, and in Fig. 10(b) for the pseudo-scalar. As expected, the results are very similar to the color singlet, see the lower plots of Fig. 9 . The same 'peak-dip' structure is also present for the color octet but it is more pronounced. This is mainly due to the smaller width of the (pseudo-)scalar color octet.
We conclude this section by mentioning that pseudo-scalar singlet and octet resonances could also arise from bound states of meta-stable gluinos in split SUSY scenarios [60] . Also in this case gg → φ would be the dominant production channel and it could be described within the same framework. . All plots were produced using the CTEQ6L1 pdf set with µ R = µ F = 2000 GeV. No cuts were applied in making any of the plots.
Spin-1 resonances
In this section we discuss a spin-1 resonance produced byannihilation. This resonance can either be a color singlet or a color octet. For the color octet case we distinguish between a vector and an axial-vector. Although both the vector and the axial-vector interfere with the QCD tt production, only the vector shows interference effects in the tt invariant mass spectrum.
Including an s-channel color singlet vector boson (a "model-independent" Z ′ ) in the tt production process gives a simple peak in the invariant mass spectrum as can be seen from the dot-dashed line in Fig. 11 . The precise width and height of the peak depends on the model parameters in the model for the Z ′ . As a benchmark we show a Z ′ vector boson with mass m Z ′ = 2 TeV that couples with the same strength to fermions as a standard model Z boson. The interference effects with the SM Z boson can be neglected in the tt channel, so the peak is independent of the parity of the coupling.
In general, for the color octet spin-1 particles the interference with the SM tt production cannot be neglected. Two cases are to be considered: a color octet vector particle (e.g., a KK gluon [58] or coloron [57] ), and an axial-vector particle (e.g., an axigluon [61, 62, 57] ). It is natural to assume a coupling strength equal to the strong (QCD) coupling g s for their coupling to quarks.
In Fig. 11 the effects of a color octet spin-1 particle on the tt invariant mass spectrum are presented. The interference effects of the axial vector (dotted line) with the QCD tt production does not change the shape of the tt invariant mass spectrum. Hence the effects of the color octet axial vector and the color singlet are very similar, apart from the size due to the different coupling constant. The interference of the color octet vector particle with the QCD tt production does effect the tt invariant mass distribution. There is negative interference in the invariant mass region below the resonance mass and positive interference for heavier invariant masses. This slightly changes the shape of the peak as can be seen from Fig. 11 . Other quantities, such as the charge asymmetry between the top and the anti-top quarks could be more sensitive to axial vectors [63] and could help their discovery at higher invariant masses.
Spin-2 resonances
The interactions between spin-2 particles, or gravitons, and ordinary matter is in general Planck suppressed, which makes it impossible to see effects of the gravitons at TeV energies. There are, however, models with extra dimensions where the contributions from the gravitons might be large enough to make a discovery at the LHC. In this case a modelindependent approach is not really appropriate. Instead we consider two scenarios that have distinct signals in the tt invariant mass. First the ADD model [17, 64] , where the effect of a the large number of graviton KK states contributing to a cross sections could be important and, secondly, the RS model [18, 65] where only a limited number of KK modes contribute, but the coupling constant itself is enhanced by a large "warp" factor.
In the so-called ADD models [17, 64] all SM fields are confined to a four-dimensional brane, letting only gravitons propagate through the bulk. The extra n bulk dimensions are compactified on a n-torus with a radius R. If the radius R is large enough, (of the order of 0.1 mm for 2 extra dimensions) the (4 + n) dimensional Planck scale can be as small as the TeV scale.
Due to the fact that the radius of the extra dimensions is large, the graviton KK states can be almost degenerate in mass. So, although all graviton couplings are Planck suppressed, the sum of all the KK states can contribute significantly to the tt invariant mass spectrum. All states are summed up to the cutoff scale M S , defined by
, where λ is related to the four dimensional Newton's constant λ = √ 16πG N . The effect of this tower of graviton states on the tt invariant mass distribution is plotted in Fig. 12 in the case of 3 extra dimensions and for 4 different cutoff scales. Due to the sum over all nearly degenerate resonances, there is no single resonance peak in the invariant mass distribution. It is also clear that the distribution is only valid well below the cutoff scale M S , otherwise unitarity violating effects become sizable.
In the so-called RS model [18, 65] there is one extra dimension postulated that is compactified to a S 1 /Z 2 orbifold. There are two branes on specific points of the orbifold: a "Planck" brane at φ = 0 and a "TeV" brane at φ = π where the physical SM fields are confined. The bulk space is warped in such a way that the (reduced) Planck mass is warped down on the "TeV" brane to Λ = M pl e −πκR . The gauge hierarchy problem (Λ = O(1 TeV)) Figure 12 : Invariant tt spectrum for pp → tt including s-channel gravitons. The distributions show the effect of the almost degenerate tower of KK gravitons in the ADD model with n = 3 extra dimensions and, from top to bottom, with a cutoff scale M S = 800, 900, 1100 and 1300 GeV. The bottom line are contributions from SM only. We used CTEQ6L1 and set the scales to µ R = µ F = m t .
is now solved with only a minor fine-tuning of κR ≃ 12. After KK compactification of the massless graviton field, the coupling constant of KK gravitons with matter is given by the inverse of Λ. A prediction in the RS model is that the masses of the KK modes m n are given by m 2 n = x n κe −πκR , where x n are the positive zero's of the Bessel function J 1 (x). If one of the masses is given, all the others are fixed, which could give rise to a series of resonances in the tt invariant mass spectrum.
In Fig. 13 the effect of a series of KK graviton modes on the tt invariant mass spectrum is shown with m 1 = 600 GeV and for various ratios κ/M pl . The resonances are clearly visible over the QCD background. Higher KK states are characterized by larger widths.
Spin information from (anti-)top quark directions
A useful, yet simple, quantity sensitive to the spin of the intermediate heavy state into a tt pair, is the Collins-Soper angle θ [66] . This angle is similar to the angle between the top quark and the beam direction, but minimizes the dependence on initial state radiation. θ is defined as follows. Let p A and p B be the momenta of the incoming hadrons in the rest frame of the top-antitop pair. If the transverse momentum of the top-antitop pair is non-zero, then p A and p B are not collinear. The angle θ is defined to be the angle between the axis that bisects the angle between p A and p B and the top quark momentum in the tt 
Standard Model
The distribution of θ in the SM is plotted in Fig. 14 . Also plotted in the same figure are the distributions with cuts on the tt invariant mass spectrum as backgrounds to narrow resonances.
A simple analytic calculation confirms this behavior. The matrix element squared for the initial stateto the SM tt contribution in terms of the Collins-Soper angle cos θ is proportional to
where s is the center of mass energy squared, s = (p q + pq) 2 . For the gg initial state we have |M(gg → tt)| 2 ∼ s(7 + 9 cos 2 θ) − 36m 
Spin-0 resonances
In Fig. 15 (a) the normalized cross section as a function of cos θ is plotted for a spin-0 resonance. The distribution is independent of the mass and parity of the resonance. The matrix element squared for the spin-0 resonance H is at leading order proportional to
where p t and pt are the momenta of the top and anti-top quarks, respectively, and a 1 and a 2 are the coupling constants, see Eq. 5, for the scalar and pseudo-scalar, respectively. The matrix element squared is clearly independent of the angle cos θ, which explains the flat distribution.
Spin-1 resonances
For a generic spin-1 resonance Z ′ the matrix element squared is proportional to
where a L and a R are the left and right handed part of the couplings of the Z ′ resonance to quarks, i.e., g Z ′∼ a L 1−γ 5 2
and where p q and pq are the momenta of the incoming quark and anti-quark, respectively. In terms of cos θ the matrix element squared is proportional to 
The normalized cos θ distribution is independent of the mass of the resonance for a axial vector, a R = −a L (see Fig. 15(d) ), while for a pure vector resonance the dependence is maximal Fig. 15(c) . However, for heavy resonances, M X 800 GeV the difference between the curves for the vector and the axial-vector is less then 8% which makes it challenging to get any information about parity of the coupling from this distribution. In Ref. [34] a similar polar angle has been studied. That polar angle is also sensitive to the chirality of the coupling. However, the Collins-Soper angle used here has the advantage that it minimizes the effects from initial state radiation.
Spin-2 resonances
In the case of the spin-2 resonance G µν , both theand gg initial states contribute. The matrix element squared for theinitial state is proportional to
and for the gg initial state
The large differences in the distributions for the spin-2 resonances between light compared to heavy spin-2 particles, see Fig. 15(b) , is due to the fact that the relatively light spin-2 particles are mainly produced by gluon fusion, while the very heavy spin-2 particles by quark-antiquark annihilation.
Spin correlations in (anti-)top-quark decays
In the standard model, the semi-weak top-quark decay width is rather large Γ ≈ 1.5 GeV > Λ QCD and top quarks do not form bound hadronic states. At present, we do not have any direct measurement of the top width and the formation of top hadrons is not excluded. This could happen for example, if V tb were much smaller than what is predicted in the standard model, as discussed in Ref. [67] . Note, however, that even if this were to happen, the information on the spin of the top quark would be anyway fully inherited by its decay products [68] , as spin-flip would occur at time scales of the order m t /Λ 2 QCD , i.e., much later than the lifetime of the top quark. In this respect, spin correlation effects are a very robust probe of new physics entering in the production cross section.
For standard model leptonic top decays, the directions of the leptons are 100% correlated with the polarization of the top quarks. The spin analyzing power of the direction of the b quark (W + boson) is not as good, around −0.4 (0.4). In hadronic top decays the anti-down (or anti-strange) quarks coming from the W + boson decay have the same full spin analyzing power as the lepton. On the other hand, the up (or charm) quarks have a spin analyzing power of only −0.3, i.e., the same as the neutrino in leptonic decays. For the decay of anti-top quarks or spin-down top quarks, all spin analyzing powers change sign. The angular distributions of the two down-type fermions (leptons in leptonic top decays or jets coming from down-type quarks in hadronic W decays) give maximal information about the spin of the (anti-)top quarks in tt events [69, 70] .
In studies on the spin correlations in tt production, two distributions are usually considered [40, 71] . First the distribution
where θ + (θ − ) is the angle between the t (t) direction in the tt center of momentum frame and the f
is the down-type fermion coming from the W + (W − ) decay. For a parity conserving tt production mechanism, such as QCD, the parameters b + and b − vanish. In practice, the way to construct these angles is first to construct the t andt four-momenta in the laboratory frame. Then perform a rotation-free boost from the laboratory frame to the tt center of momentum frame to define the t (t) direction in the tt center of momentum frame. Thirdly, boost the downtype fermion momenta, i.e., the lepton in leptonic top decays and the down-type quark in hadronic W decays, from the tt center of momentum rotation-free to the t andt rest frames. If the t andt rest frames are constructed directly by boosting from the laboratory frame a Wigner rotation has to be taken into account [71] .
Defining the angles θ + and θ − as described above, corresponds to studying spin correlations of the tt pair in the helicity basis.
It is important to stress that in spin correlation studies it is mandatory to reconstruct the top and the anti-top quark momenta. In the case of a double leptonic decay, two neutrino's are emitted and the full reconstruction of the event becomes non trivial. Imposing kinematic constraints, such as the known top and W masses, a constrained system of equations for the neutrino momenta can be set up. In general multiple solutions arise and the best solution can be only obtained on a statistical basis [73, 40, 74, 21, 75, 76, 77] . In the appendix some of the issues for the reconstruction are discussed in more detail. Alternatively, the single leptonic tt decay could be used by letting one of the jets of the hadronically decayed (anti-)top quark play the role of the lepton. Ideally, one would like to use the jet coming from the down-type quark, because it has the same (maximum) spin analyzing power as the lepton. In experiments one cannot easily distinguish between upand down-type quarks jets on event-by-event basis, and the analyzing power gets averaged (1 − 0.3)/2 ≈ 0.35. However, improvements can be achieved by exploiting the fact that down-type quark jets have in general a smaller transverse momentum than the up-type quark jets. Using the least energetic (non-b) jet from the hadronic top decay increases the spin-analyzing power from 0.35 to approximately 0.5 [71, 72] . For illustrational purposes in the following we assume that the top quark momenta are correctly reconstructed and the spin analyzing power is maximal.
In Fig. 16 this distribution is plotted for QCD tt production. The differences among the various tt production mechanisms are manifest. In Fig. 17 the distributions are plotted for resonance masses of 800 GeV for the following states:
• Scalar boson (a), for SM tt production at the LHC, using pdf set CTEQ6L1, without applying cuts (a), and for the regions 390 < m tt < 410 GeV (b) and 790 < m tt < 810 GeV (c).
• Spin-2 boson (g).
With the vector-left and vector-right we understand a spin-1 vector boson that couples only to left-or right-handed fermions, respectively. We choose very narrow resonances by taking the width of resonances to be 1% of the mass, i.e., 8 GeV for a mass of 800 GeV. We do not include the SM QCD tt production background in these plots.
In Table 2 the distributions are fitted to Eq. (14) and compared with analytic computations. For the sake of simplicity, in the analytic computations the off-diagonal elements of the spin correlations matrix in the helicity basis are neglected. This means that the interference between different top quark spins are not included. In fact, the interference effects are negligible and the fitted values agree very well with the analytic computations. For completeness we also included the the numbers for a smaller resonance mass, M X = 400 GeV, where the effects from the mass of the top play a larger role.
The second angle, which is commonly considered when studying spin correlations in tt production is φ, i.e., the angle between the directions of the f 
for this angle is plotted in Fig. 18 for a resonance mass of 800 GeV. The distributions for the angle φ are the same for production through a scalar and a vector boson. The distribution for the pseudo-scalar, on the other hand, is completely different from the one for the scalar and the vector boson [53] . Also, the angular distribution for SM tt production is different from the other production mechanisms. In the case of a spin-1 state, the φ distribution is independent of the type of coupling to the top: it makes no difference whether it is pure vector, an axial-vector, a left-handed or right-handed couplings. 
(1 − A cos θ + cos θ − + b + cos θ + + b − cos θ − ). For a top mass of 175 GeV. In the analytic calculation of the parameters, the interference between the various top spins is neglected.
Conclusions
Top physics is entering the precision phase at the Tevatron and will be one of the leading priorities at the LHC. The importance of the top quark in the quest for the mechanism of EWSB and new physics is due to the convergence of two factors. First the LHC will be a top factory with tens of millions of top quarks produced in the first years of running at the nominal low luminosity, 2 × 10 33 cm −2 s −1 , allowing studies at an unprecedented level of accuracy. Second, due to its large mass, top is the optimal probe for new physics at TeV scales. Many different models, including the SM, predict the existence of heavy states that preferably couple to the top quark, and that could affect its SM couplings via loop corrections or be directly produced at the LHC.
Given the large number of the models proposed and their complexity, a "top-down" approach, e.g., model parameter scanning, will not be practical, in particular if comparison of many different channels and observables at once will be necessary. As an alternative, a simpler and more pragmatic "bottom-up" approach could be employed, whereby one identifies specific observables which can be developed as tools for discriminating generic features of new physics resonances, thus keeping the analysis as model independent as possible.
In this paper we have presented an example on how such a study could be performed Figure 18 : Distribution for the angle φ, defined in the text, for different tt production mechanisms at the LHC. Dark Solid line is the SM tt production, dotted line is tt production through a scalar, dot-dashed line is tt production through a pseudo-scalar, dashed line is tt production through a vector (this is independent of the coupling). The light solid line is tt production through a graviton. The plots are normalized. The pdf set CTEQ6l1 is used with M X = 800 GeV and µ R = µ F = 800 GeV.
for the invariant mass distribution of the tt pair.
As a first step we have assessed the accuracy of the best theoretical predictions available for tt production at hadron colliders. We have found that the shape of the distribution is under good theoretical control, especially at low invariant mass values, suggesting also the possibility of a precise top mass extraction.
We have then identified the features of new physics scenarios, namely the existence of heavy bosonic resonances of various spin, color and parity, that could show up in the m tt distribution, and implemented them in the MadGraph/MadEvent package. The full matrix elements, pp → X → tt → 6f , X being a spin-0, spin-1 or spin-2 particle, particles with arbitrary masses, width, color and couplings, have been automatically generated by MadGraph. The effects due to the interference with the pp → tt SM process are included when relevant.
The strategy to gain information on new physics is then straightforward and consists of three successive steps:
I. The discovery of the resonance (and the determination of its mass and width) which could appear as a sharp or broad peak or as a more distinctive peak-dip structure in very specific cases. In this measurement the key aspect will be the experimental resolution in the m tt reconstruction.
II. The identification of the spin of the resonance, which can be inferred from the angular distribution of the top and the anti-top.
III. Information on the couplings of the resonance to the the top anti-top pair, which can be obtained by measuring the spin correlations of the top anti-top pair (for this last step the full matrix matrix element 2 → 6 is required).
In conclusion, we have outlined a simple strategy and provided the necessary Monte Carlo tools to search for new resonances in tt events. We look forward to more detailed experimental analyses.
is over-constrained. Such constraints can be used in two ways. First they can be used to extract information, typically the jet energies, that have bad detector resolution. For example, measuring only the angles (θ, φ) of the six jets and including all the constraints from the top quark and W boson masses would already provide the required 16 independent quantities (althought with combinatorics). Alternatevely, the constraints from the masses can also be used to solve the combinatorics in reconstructing the W boson and (anti-)top quark momenta. Combinatorics, affect each of the three steps in the analysis proposed in this paper in a different way. In the first step, i.e., the measurement of the tt invariant mass, Sec. 3, combinatorics play no role: the invariant mass can be calculated by summing all the final state momenta irrespective of assigning jets to top or anti-top quarks, W + or W − bosons. In the second step, i.e. the measurement of the spin of an intermediate resonance, Sec. 4, there is in principle a 12-fold ambiguity (assuming b-tagging) in assigning the correct (b-)jets to the top or anti-top quark. These ambiguities could be solved (in case of a very good jet energy resolution) or anyway allieviated by using the constraints from the top quark and W masses. In the third step, i.e., the measurement of the spin correlations of the top anti-top pair, Sec. 5, not all ambiguities can be solved: in any case is not possibly to uniquely identify on event-by-event basis which of the two jets come from the down-type quarks in the W boson decays. Experimentally, the fully-hadronic decay is difficult to trigger and extract from multi-jet backgrounds, which makes this channel challgenging for BSM physics studies. [78] The single-lepton decay channel is much more promising. The single lepton in the final state greatly improves the possibility for triggering on these events and extracting it from backgrounds compared to the fully-hadronic decay mode. The presence of a missing neutrino in the final state entails that only 5 × 3 = 15 independent measurements can be obtained, one short of 16 necessary. The missing information can be recovered by including a constraint coming from, e.g., the W boson mass (up to a two-fold quadratic ambiguity, which can be solved in various ways, e.g., see Ref. [34] ). Using also the constraint from the top mass removes the ambiguity for assigning the correct b-jet to the top quark needed for second and third step in our analysis. For the third step, however, it is still non-trivial to solve the ambiguity coming from assigning the correct jet to the down-type quark in the non-leptonic W decay. Several methods have been proposed, including, for example choosing the least energetic non-b-jet [71, 72] . Given its rate and the various reconstruction studies and possibilities, the single-lepton channel is the most straightforward search channel for BSM physics in tt events.
In the double-lepton decay mode there are two missing neutrino's in the final state. This makes the reconstruction of the full event kinematics challenging but certainly not impossible [73, 40, 74, 21, 75, 76, 77] . There are four visible particles in the final state, two b-jets and two opposite sign leptons, leading to 4 × 3 = 12 independent measurements. The additional four constraints from the W boson and top quark masses are just enough to set up a system of non-linear equations to solve for the necessary 16 variables. It can be shown that this system has up to eight solutions [74] , of which, in general, only a few are physical and can be discarded or included based on their likelihood. It has to be noted that each solution has no further ambiguities and the event is completely reconstructed.
For this reason, despite the small branching ratio, this channel competes in reach with the single-lepton in the studies of the spin correlation studies in tt [40, 79] .
